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Abstract
The spherical proppant has been extensively used in the hydraulic fracturing stimulation for more than a decade; nevertheless,
a new shape of proppant, cylindrical proppant, has received considerable interest in recent years because its packing porosities
in some aspect ratios (α) are higher than the packing porosity of spherical proppants resulting in the improvement of
conductivity in fractures. This leads to the first objective of this project to examine the packing porosities of cylindrical
proppants in different aspect ratios: 0.5, 1, 2, 3 and 4. However, a vital drawback of cylindrical proppant is high stresses
occurring due to 3-point bending; thus, the second objective of this project is to investigate stresses occurring on proppants.
The spherical proppant is also added in this project to be a reference because it is widely used as the proppant at present.
The numerical method called 3D Combined Finite-Discrete Element Method (3D FEMDEM), effective and reliable codes, is
used in this project to observe the behaviour of the packing of proppants. Scale 100:1 is chosen to decrease the simulation time
with acceptable physical results. Three closure pressures: 15 MPa, 25 MPa and 40 MPa, are selected to represent conditions at
shallow, intermediate and deep reservoirs. Bauxite, the well-known proppant material, is used in this project.
This paper presents the effects of aspect ratios on the packing porosity under different closure pressures. Results show that the
packing porosity of cylindrical proppants decreases from cylindrical proppants (α=0.5) to cylindrical proppants (α=1), the
minimum packing porosity. Then the packing porosity increases when the aspect ratio increases. The closure pressure
significantly affects the packing porosity; the higher the closure pressure is, the lower the packing porosity. The packing
porosities of cylindrical proppants (α=2, 3 and 4) are higher than spherical proppants at no closure pressure condition, but only
the packing porosities of cylindrical proppants (α=3 and 4) are higher than spherical proppants at closure pressure conditions.
For the stress analysis, all proppant shapes are acceptable under the closure pressure conditions; 3-point bending is rarely
found because of the reorientation under the closure pressure.
1. Introduction
Hydraulic fracturing is a widely applied method used to improve the productivity in oil & gas industry. This technique has
been used for more than 60 years; the first hydraulic fracturing in a well was conducted in Kansas, USA, 1947 (Howard et al.
1970). It has been performed in many reservoir types: sandstone, carbonate and especially shale, which is the new worldwide
focus for exploitable gas reserves.
Hydraulic fracturing is a reservoir stimulation process performed by pumping a fracturing fluid to create fractures in the
reservoir, this fluid being conveyed with small particles called proppant. After the high pressure from pumping is discarded,
the fractures then close due to decreased pressure in the fractures; however, the fractures still have some gap because of the
proppants remained. These fractures can significantly improve the productivity of the well because these fractures increase the
effective wellbore radius by enhancing the flowing contact area in the reservoir (Vincent 2009). Improvement of productivity
strongly depends on conductivity in fractures (packed proppant grains). Different types and shapes of proppant result in
distinctive effects on conductivity in proppant packs and also on the productivity.
In the first three decades of hydraulic fracturing stimulation, sand and gravel had been the main proppant materials widely
used in this industry because of their high strength. However, a high-friction ceramic material which is sintered bauxite was
initiated as a proppant material by Exxon Company. Exxon published the field test results in 1977 showing that sintered
bauxite results in considerable economic advantages for the company: sintered bauxite is inert for formation flow-back and has
high strength as other alumina ceramics, but sintered bauxite is cheaper than other alumina ceramics (Claude et al. 1978). At
present, bauxite is the remarkable material chosen in hydraulic fracturing stimulation although its price is higher than sand and
gravel; because its strength is 5-6 times higher than sand or gravel’s strength. Therefore, it is worth for the expense as there is
thought to be less failure under closure pressures.
Imperial College
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Figure 1-Three-point bending
stress (McDaniel et al. 2010)
Over the past eight decades spherical proppant has been extensively studied and widely
used in hydraulic fracturing process. (Zhang 2006) mentioned that porosity of sphere
packing is in the range from 0.36 to 0.42. Well Productivity is related to the conductivity of
the packed proppant grains which directly depends on fracture permeability (Prats 1961)
and permeability is a function of porosity (Darcy law 1856 and Kozeny & Carmen 1927).
This means that productivity of wells and conductivity in the packed proppant grains can be
improved by increasing the packing porosity; the higher porosity is, the higher productivity
can be. In recent years, a new shape of proppant, cylinder-shaped proppant, has received
considerable interest. Packing of cylindrical proppants results in higher productivity than
spherical proppants because of its higher porosity. McDaniel et al. (2010) demonstrated
field tests in Egypt showing the clear improvement of the cylindrical proppant in the trial
wells compared with the spherical proppant in the offset wells. In his laboratory test, the cylindrical proppant can also decrease
flowback-control problems compared with the spherical proppant. However, a vital drawback of the cylindrical proppant is the
stresses occurring on the cylindrical proppant as shown in Figure 1; this leads to the main objective of this project.
The first objective of this project is to confirm the packing porosities of spherical proppants and cylindrical proppants in
different aspect ratios: 0.5, 1, 2, 3 and 4, with simulation results from the 2010-2011 Petroleum Engineering MSc project by C.
Z. Low (Low 2011). The second objective is to examine stresses and breakage potential on spherical proppants and cylindrical
proppants in different aspect ratios: 0.5, 1, 2, 3 and 4, by applying different normal stresses across the fractures: 15 MPa, 25
MPa and 40 MPa to simulate the situations in shallow, intermediate and deep reservoirs respectively. 3D Combined Finite-
Discrete Element Method (3D FEMDEM), effective and reliable numerical codes, are used in the simulations in this project to
observe the behaviour of packed proppant grains. Details of FEMDEM are shown in the next section.
2. Critical Literature Review
2.1 Background of fracturing
The simple model of fractures is planar and bi-wing fractures with fully perfect flow connections to the well bore. Prats (1961)
defined the dimensionless number of fracture conductivity (CFD) to explain the behaviour of flow from reservoirs via fractures
to the well; it is a ratio between the conductivity in fractures and ability of flow from reservoir as shown in Eq.1.= (Eq.1)
Where kf is the fracture permeability, md wf is the fracture width, m
k is the formation permeability, md Xf is the fracture half-length, m
Eq.1 shows that conductivity in fractures or packed proppant grains is directly proportional to the fracture permeability.
Kozeny and Carman (1927) studied the pressure drop of flowing fluid through a packed bed of solids and they developed an
equation of flow dynamics as shown in Eq.2. This equation can also be expressed as Darcy’s law as shown in Eq.3 (Darcy
1856). ∆ = ( ∅)∅ (Eq.2)= ∆ (Eq.3)
Where ∆P is the pressure drop, Pa L is the flow distance, m
V0 is the superficial velocity, m/s µ is the viscosity of fluid, Pa-s
Dp is the diameter of related particle, m ψs is the sphericity of related particle, dimensionless
ϕ is the porosity, dimensionless Q is the flow rate, m3/s
A is the flow area, m2 k is the permeability, m2
According to Eq.2 and 3, a relationship between permeability and porosity can be as shown in Eq.4; this shows that the
permeability depends on the porosity. And the productivity relies on conductivity of packed proppant grains which is related to
the permeability; therefore, the productivity depends on the porosity of the packed proppant grains.∝ ∅3(1−∅)2 (Eq.4)
Technically, conductivity in packed proppant grains can be affected by many factors; for example, closure stress, multi-phase
Compression
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flow effect and fracturing-fluid. Closure stresses are different in each area around the world; they depend on geological
characteristics and the depth of reservoirs. Low strength proppant can be crushed in high closure stress leading to a collapse of
fractures. Multi-phase flow reduces the conductivity by rising non-Darcy flow factor, especially gas wells. Fracturing fluids
can be categorized as water-based fluids, oil-based fluids, emulsions and foams. During the fracturing stimulation, filter cake
and residue can be formed and blocks the flowing space in fractures; this highly drops the conductivity of packed proppant
grains (Davies & Kupler 1988). A lot of researches have been developed to improve the performance of fracturing fluids. One
of significant inventions is derivatized guar (McDaniel et al. 2010). Derivatized guar is used in water-based fluids; some
benefits of guar are high stability at high temperature & pH, and its high viscosity improves the ability to carry proppant, less
filter cake occurring and efficient fluid-loss control (Chemtotal 2012).
Since the beginning of the hydraulic fracturing in 1947 (Howard et al. 1970), there have been many test results of proppant
quality from proppant manufacturers and public domains (literatures and academic researches). To standardize proppant
testing, API and ISO procedures were issued as references.  In 1983, API RP 56 and 58 were issued to be the standard
practices for testing sand used in hydraulic fracturing operations and gravel packing operations. 6 years later, API RP 60 and
61 were issued, API RP 60 is the Recommended Practices for Testing High Strength Proppant Used in Gravel Packing
Operation and API RP 61 is the Recommended Practices for Evaluating Short Term Proppant Pack Conductivity. These
practices had been used for approximately 2 decades; however, due to the development of new technologies and knowledge,
these practices were out of date and not practical anymore; for example, the sintered bauxite proppant has been widely used
instead of sand and gravel since the success jobs by Exxon in 1977 (Claude et al. 1978). Thus, 2 new ISO procedures for
proppant testing were published in 2006: ISO 13503-2, Measurement of Properties of Proppants Used in Hydraulic
Fracturing and Gravel-Packing Operations, and ISO 13505-5, Procedures for Measuring the Long-Term Conductivity of
Proppants. ISO 13503-2 has been used instead of API RP 56, 58 and 60, while ISO 13505-5 has been used instead of API 61.
However, ISO 13503-2 and 13505-5 are the procedures decided for proppant testing at the standard conditions not at the
underground reservoir conditions (Kaufman et al. 2007).
Actual conductivities of packed proppant grains from field tests are often small percentages compared with results get from
API/ISO procedures, in some cases, This can be resulted from many possible factors; for instance, temperature difference,
stress cycling, non-Darcy flow, gel damage, proppant embedment, proppant crush, proppant flow back and fines migration
(McDaniel 2010). In addition, after the production for a period of time, Zeolite (Aluminosilicate) can be formed around
proppant due to geochemical reactions; this decrease the void space in fractures leading to lowering fracture conductivity. The
growth rate of zeolite depends on composition of pore water (alkalinity, glass composition and salinity), water flow rate,
temperature and time (Rayson and Waver 2012).
2.2 Background of packing
Sphere packing
For more than 80 years, researchers have been observing the behaviour of the sphere packing; it relates to various industries;
i.e., chemical, material and petroleum industries. Smith et al. (1929) used a corrosion method to see contacts of lead shots in a
glass beaker; they did for many densities of lead shots and finally summarized the frequency of contact numbers. Bernal et al.
(1962) prepared the packing of 4,000 steel ball bearings in a container and poured molten paraffin wax into the container.
After the molten wax was harden, they removed a side of container and outside layers of balls and wax to notice the
coordinates of each sphere. Scott et al. (1969) valuated the packing of ball bearing in cylindrical tubes in 2 experiments: loose
random packing (LRP), softly vibration in vertical axis, and dense random packing (DRP), longer vibration for a few minutes;
porosities of LRP and DRP are 0.40 and 0.363 respectively. Liu and Thompson (2000) measured the porosity of sphere packs,
216 spheres; the value from this experiment is 0.3508. This porosity value is closely to the RCP lower limit, where RCP stands
for Random Close Packing. RCP is extensively used in sphere packing measurement; it is the highest density that a random
collection of spheres can attain. There is no precise of the RCP value; however, the well-accepted value of RCP is 0.36 with
minor uncertainties which depends on the source consulted (Zhang, 2006). Torquato et al. (2000) argued that the RCP is
poorly defined and they suggested a new terminology which is the maximum random jammed, MRJ. “MRJ is the parameter
that minimizes order parameters of packing among all statistically homogeneous and isentropic jammed structure”. Wall effect
is another important factor which affects the structure of the sphere packing. Zhang (2006) found that different wall friction
coefficients lead to various ordered structures near container walls.
Cylinder packing
Characteristics of cylinder packing have been observed for more than 60 years and it has been of significant interest in recent
years as cylindrical proppants. Roblee et al. (1958) injected wax into packed beds of equilateral cylinders until saturated, then
pulled out annular sections of packed beds to create radial density functions. Mean of the porosity from this experiment is 0.25
+/- 0.025. Nardin et al. (1985) examined on loose and dense packing of polypropylene equilateral cylinders and found that the
porosities are ranged from 0.371-0.462. Benyahia (1996) investigated packed beds of lead spheres and non-equilateral lead
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Figure 2-Cylindrical Proppant Figure 3-Spherical Proppant
(McDaniel 2010) (Connecting Buyers 2012)
Figure 4-Deformability of a hollow cylinder
(VGeST 2012)
cylinders (α= 0.25, 0.5, 1, 2 and 3) which were soaked in resin. He cut the packing as 1-mm layers and used two-dimensional
image analysis software to generate porosities. It was found that wall effects do not present in packing of cylinders with aspect
ratio 0.25 and 0.5; wall effects on these aspect ratios of cylinder packs are strongly weaker than wall effects on sphere and
equilateral cylinder packs. Another observation from his experiment was that the mean porosity of equilateral cylinder packing
is lower than sphere packing and non-equilateral cylinder packing.
Sharma et al. (2001) used a water substitution method and a combination of three-dimensional magnetic resonance imaging
(3D MRI) and digital image analysis techniques to acquire porosity resulted from alumina cylinder packing. Results from both
methods showed the same trend of porosities; which is 0.28-0.31. Zhang (2006) examined the packing behaviour of equilateral
cylinders in a 23-mm cylindrical container by analyzing on three-dimensional images obtained from X-ray micro tomography
techniques. It was found that the friction on the container walls crucially affect packed structures of cylinders, the bulk
porosities of cylinder packing have a various range than usually be in sphere packing. Another observation was that increasing
of cylinder packing density lowers radial variation in bulk porosities.
McDaniel (2010) demonstrated improvements of the cylindrical proppant packing over spherical proppant packing. Results
from laboratory test after vibration process shows that the porosity of the cylindrical proppant packing is 0.43 while the
porosity of the spherical proppant packing is 0.32. Flowback control tests were also conducted in the lab; the cylindrical
proppant packing has less amount of flowback portion compared with the spherical proppant packing. In addition, field tests in
Egypt showed the clear improvement for conductivity of the cylindrical proppant in the trial wells compared with spherical
proppant in the offset wells.
Sphere packing and cylinder packing
Cylinder packing porosities have a larger variation than
sphere packing; cylinder porosities are 0.25-0.43 (Roblee
et al. 1958 and McDaniel 2010) while sphere packing
porosities are 0.3508-0.40 (Liu & Thompson 2000 and
Scott 1969).This is because the cylinder can cause many
options of contact between each particle: angle-side,
side-side, end-angle, end-side, etc. as shown in Figure 2
and 3. In addition, the higher aspect ratio of the cylinder
leads to the higher void space or porosity of the packing.
There are not many researches about cylinder packing in
1990’s because the simulation of non-spherical particles
requires complex codes in simulation software running on high performance computers which are expensive in that period
(Zhang 2006). However, because of the fast improvement of individual computers with affordable prices in the last decade,
there have been simulation methods which can be used to study for this purpose; non-spherical packing in particle scale. A
vital method which can strongly help for this purpose is 3D FEMDEM codes; details are demonstrated in the next section.
2.3 Background of 3D FEMDEM
FEM & DEM
Material engineering problems can be categorized in 2 main disciplines:
continuum-based problems and discontinuum-based problems.
Continuum-based problems are based on the hypothesis which defines
the physical properties of the material as continuous functions of volume
by averaging them to be the same over the whole volume; for instance,
density. Physical equations or the constitutive law are used to represent
these physical properties. The constitutive law is then combined with
balance equations resulting in a set of governing equations. Balance
equations are fundamental principles assuming materials in sufficient
bulk leading to neglecting discontinuous microstructure effects.
Examples of balance equations are conservation of energy, conservation
of mass, preservation of momentum balance, etc. The constitutive law,
balance equations, boundary conditions and initial conditions are then
used to solve the continuum-based problems as analytical methods.
However, the continuum-based problems can frequently be solved by
numerical methods: finite element method (FEM), finite volume method (FVM), etc. (Munjiza 2004). Deformability of
materials is an instance of continuum-based problems; Figure 4 shows the deformability of a hollow cylinder.
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Figure 5-Deposition of rigid
particles (Munjiza 2004)
FEM was invented in 1940’s (Latham et al. 2010); it’s the most leading and usually used
to solve the continuum-based problems. This method is based on discretization of the
large area/volume into many smaller areas/volumes called as finite elements. The
constitutive law, balance equations, boundary conditions and initial conditions between
each attached elements are calculated to get the results (Munjiza 2004).
Discontinuum-based problems are based on the hypothesis which defines the physical
properties of materials as discontinuous functions of volume; physical properties of all
particles are not the same. The mathematical solutions of these problems include the
balance equations and interaction law; the interaction law is combined with a
momentum balance principle between particles. Analytical methods are difficult and
rarely used to solve these problems, while numerical methods can help to solve these
problems effectively. Discrete Element Methods (DEM) and Discontinuous
Deformation Analysis (DDA) are examples of numerical methods for discontinuum-
based problems (Munjiza 2004). Some examples of discontinuum-based problems are
the collision of particles, the deposition of particles, etc. Figure 5 shows the deposition
of rigid particles.
DEM and DDA were developed to handle the contact stages for a huge number of
particles by G. Shi, J. Williams, P. Cundall, C. Thornton and G. Mustoe between 1970’s
and 1980’s. DEM is designed for dynamic conditions with contact-detection & contact-
interaction systems while DDA is suitable for static conditions. Both of them are on the assumptions that particles are rigid or
semi-deformable. These methods are widely used in mining, chemical and material industries (Latham et al. 2010).
Development of FEMDEM
FEM is designed for continuum-based problems such as deformability while DEM is suitable for discontinuum-based
problems such as collisions between rigid particles. Their drawbacks lead to a question that which the method should be
selected in case of collisions between deformable particles; the answer to this question is FEMDEM. FEMDEM is the
combination between the Finite Element Method and the Discrete Element Method called as the Combined Finite-Discrete
Element Method. FEMDEM was invented by A. Munjiza in the early 1990’s; it discretizes each discrete particle governed by
DEM concepts: contact detection and contact interaction, into smaller elements by FEM. Then, it uses the FEM algorithm to
calculate results in each discretized element. Crucial improvements of FEMDEM over DEM are the ability for the
implementation of complex particle shapes and allowing further field variables: i.e., temperature, etc. to be added.
Furthermore, FEMDEM permits a huge range of differentiated options; i.e., fracturing, fragmentation, etc. (Xiang et al. 2009).
At present, the 3-dimension FEMDEM, Y3D, developed by J. Xiang are included in VGeST – Virtual Geoscience Simulation
Tools. VGeST is a suite of software for modeling geology discontinuous systems; for example, deposition, fracturing,
fragmentation and layered and/or porous systems. VGeST was developed under a 5-year collaboration project between
Imperial College London and Queen Mary, University of London. The main objective of this project is to provide a free suite
of 2D and 3D simulation software based on FEMDEM for students, researchers and everybody who interests in FEMDEM-
based simulation in geoscience areas (Latham et al. 2010).
3. Methodology
3.1 Simulation steps
Simulation study of proppant packs can be divided into 3 main steps: a pre-processing step, a processing step and a post-
processing step.
The pre-processing step which is a model generation step uses the GiD program to create models and input simulation
parameters; i.e., gravity and boundary conditions, GiD is a program used for the numerical simulation design. Various
geometries in 1D, 2D and 3D can be drawn, then meshed elements can be created. GiD is flexible for many purposes because
it allows advanced users to add more problem types as they desire into GiD. In this project, the B3D add-on problem type
developed by Dr. J. Xiang has been used. Final output from GiD (.Y3D) is the meshed geometry containing material
parameters: densities, Young’s moduluses, friction factors, etc., and simulation parameters: a time step, a maximum stress, a
maximum velocity, etc.
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The 2nd step of simulation is the processing step. “.Y3D” file from GiD is then added into Y3D codes; Y3D codes then
calculate for results of input parameters contained in the .Y3D file. Outputs of Y3D codes are .ym files; a number of .ym files
depend on the time step set in the .Y3D file and simulation time of this processing step. After that .ym files are then converted
by m2vtu codes to be .vtu files prepared for the final step.
The final step of simulation is the post-processing step or the visualization step; MAYavi or Paraview are used to simulate .vtu
files to be visualized frames of results between each time step; examples of results in one frame is shown in Figure 7, 8 and 9.
Summarization of these simulation steps are illustrated as a flow chart in Figure 6.
Figure 6-Flow chart of the simulation steps
3.2 Simulation Setup
In this project, 2 versions of Y3D are used: Y3D_R (R stands for Rigid) and Y3D_D (D stands for Deformable). Y3D_R is the
rigid version; this means that all particles cannot be deformed and stress on each element in the same discretized particle are
the same. Y3D_D is the deformable version; this means that all particles can be deformed and stress on each element in the
same discretized particle are different.
3.2.1 Simulation Parameters
Details of 2 important parameters are described below.
Time Step
Time step is the duration between two continuous points of time which the simulation results are calculated. For example, if
the time step is 1 s, the 1st simulated result will be generated after 1 s and the 2nd simulated result will be generated after 2 s. In
FEMDEM, the time step can be calculated from Eq. 5; this can be seen that the time step is related to the volume of the
smallest element. Thus, the larger the smallest element is, the larger the time step will be; this leads to the shorter of simulation
time. The maximum time step which can keep the simulation stabilized is called “the critical time step”. Value of c as shown
in Eq. 5 is 2 for the critical time step (Guises et al. 2008).
∆ = (Eq. 5)
Where ∆ is the time step, s c is the constant value
is the density, kg/m3 E is the Young’s modulus, Pa or N/m2
V is the volume of the smallest element in Y3D_D, m3
V is the volume of the smallest particle in Y3D_R, m3
Low (2011) recommended the value of c should be 0.2 to prevent the unstable simulation of proppant packing. After some
trials and errors were investigated, it was found that c (between 0.5-1) can also make the simulation stabilized at the beginning
but the simulation was then crashed after a period of time. Therefore, c value used in this project is 0.2. Another vital issue is
V, it can be determined from Eq. 5 that V in Y3D_R is larger than V in Y3D_D; this results in faster simulation in Y3D_R.
Material Damping Coefficient
Material damping coefficient (MDC) is the parameter which used for the dissipation of energy in contacts between each
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Paraview
Processing
(Solver)
FEMDEM
Y3D
Pre-Processing
(Model
Generator)
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discretized particle (Munjiza 2004). The higher the material damping coefficient is, the higher energy dissipation there will be.
In Y3D_R, the trial and error method was used to confirm the recommended value from Low (2011) which is 0.05. It was
found that 0.05 is a good and reasonable value to illustrate the same absorption of energy during contact behaviour as Y3D_D.
In Y3D_D, Dr. J. Xiang mentioned that the material damping coefficient, which has an extremely different value to the
material damping coefficient used for Y3D_R, but has a similar role, can be calculated from Eq. 6 as shown below.= (Eq. 6)
Where h is the minimum edge length of all elements, in meters.
3.2.2 Geometric models
Diameters of spherical proppants are 0.458-1.316 mm (Saint-Gobain 2012) which is very small; this causes a very small value
of time step leading to very long simulation time if simulation is performed at a scale of 1:1. The larger the length scale in the
model simulation is, the faster the simulation. However, very large length scales results in an unstable simulation and physical
errors due to violation of the scaling laws that define conditions for perfect similitude. To save on simulation time and prevent
unstable simulation and physical errors, a length scale of 100:1 is chosen for the simulation in this project. Details of scaling
laws are shown in Appendix B.
Particles
In accordance with the objectives of this project, five different aspect ratios (α) of cylinders: 0.5, 1, 2, 3 and 4, have been
investigated. A sphere is also added in this project to be a reference because the spherical proppant is widely used in the
hydraulic fracturing industry at present. Diameter 100 mm (in scale 100:1) is used for all particles. Table 1 shows details of
each particle; each particle is divided into many tetrahedral elements.
Table 1-Details of meshed particles of cylinders in 5 aspect ratios and a sphere, generated by GiD
Aspect ratio = 0.5 Aspect ratio = 1 Aspect ratio = 2
Number of elements = 70 Number of elements = 140 Number of elements = 373
D = 0.1 m L = 0.05 m D = 0.1 m L = 0.1 m D = 0.1 m L = 0.2 m
Aspect ratio = 3 Aspect ratio = 4 Sphere
Number of elements = 518 Number of elements = 757 Number of elements = 343
D = 0.1 m L = 0.3 m D = 0.1 m L = 0.4 m D = 0.1 m
Containers
There are 2 types of containers used in this project. A rectangular-base container (1.6 x 1.0 x 0.8 m) is used for cylinders: α =
1, 2, 3 and 4, because this container size allows these cylinders’ deposition to have enough freedom for their orientations. A
square-base container (1.0 x 1.0 x 1.0 m) is used for cylinders (α=0.5) and spheres because these two particle requires very
long simulation time in case of using the rectangular-base container; the square-base container can shorten the simulation time
and provides enough freedom for their orientations. Figure 7 and Figure 8 illustrate figures of these two containers.
Material Properties
A summary of material properties is shown in Table 2. These properties are taken from details used in the 2010/2011 MSc
project (Low 2011) because one of the objectives in this project is to compare porosity results of packing; material properties,
such as friction, crucially affect to the whole simulation model. Low obtained these values by averaging reported values from
(Pertti 1996), (Saint-Gobain Proppants 2011) and (Carboceremics 2011). However, tensile strength and compressive strength,
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Figure 9-The beginning of compression stage, cylinder (α=2)
which are not mentioned in Low’s report, are also added in Table 2. The tensile strength and compressive strength are quite
confidential for each company; thus, these values are from the alumina ceramic (80% of Al2O3) from (Pertti 1996) and
(Matbase 2012).
Table 2-Details of materials properties
Material properties Value
Density 3620 Kg/m3
Young’s modulus 300 GPa
Poisson’s ratio 0.24
Static friction coefficient 0.5
Sliding friction coefficient 0.43
Compressive strength 2000 MPa
Tensile strength 220 MPa
3.3 Simulation Stages
3.3.1 Deposition stage
Y3D_R, rigid version, was used for the deposition stage of particles for all cases because Y3D_R can save a lot of simulation
time; Y3D_R and the Y3D_D have the potential to give different results but these can be minimized by tuning the damping
coefficient in Y3D_R. The additional software tool called POSITIT, designed for depositing particles, was used with Y3D_R
to create random orientations of the deposition. Four-diameter height of the packed proppants in the container is a condition to
complete the deposition stage and stop the depositing; the proppants above the 4-diameter height limit are removed out. Table
3 shows the total particles of each proppant shape in the container. Figure 7 and Figure 8 show the deposition of cylindrical
proppants (α=0.5) in the square-based box and the deposition of cylindrical proppants (α=2) in the rectangular-based box
respectively.
Table 3-Total particles in the container prepared for the compression stage
Aspect ratio 0.5 1 2 3 4 Sphere
Total particles in each container 572 440 232 134 108 372
3.3.2 Compression stage
Three closure pressures: 15 MPa, 25 MPa and 40 MPa, are designed
for each particle size to simulate the situations at shallow,
intermediate and deep reservoirs respectively. The closure pressure
can be normally determined from the hydraulic fracturing tests. It is
between the overburden pressure and pore pressure; “it is the pressure
at which the fracture closes after the fracturing pressure is relaxed”.
Gradient of closure pressure is ranged from 12-20 KPa/mTVD (Crain
2000). The gradient, 15 KPa/m, is used in this project. Thus, the
closure pressures: 15 MPa, 25 MPa and 40 MPa, represents the values
at 1 km, 1.67 km and 2.67 km respectively.
Figure 7-Deposition of cylinders (α=0.5) in a square-based box Figure 8-Deposition of cylinders (α=2) in a rectangular-based box
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After the deposition stage was finished, the very high density plate was implemented above the deposited particles; this plate is
used to create the designed closure pressure on the deposited particles. The dimensions of the plate are 0.99x1.59x0.1 m3
(width x length x height), thus the density of the plate are 1.53x106, 2.54x106 and 4.07x106 kg/m3 for 15 MPa, 25 MPa and 40
MPa respectively. To save the simulation time, a 2-m/s initial velocity was set for the plate conditions. All simulations will
reach the equilibrium stage when the plate velocity is 0 m/s. However, beginning the simulation with the designed closure
pressures: 15 MPa, 25 MPa and 40 MPa, leads to the crash problems due to high velocity of particles caused by very hard
impact from the very heavy plate. A step-by-step method is used to solve this problem whereby a 0.1-MPa simulation case was
set at the beginning. After the plate was in contact with the deposited particles for a period of time and its velocity decreased
close to 0 m/s, the density of the plate was then increased to be as purposes for simulation of the designed closure pressures:
15 MPa, 25 MPa and 40 MPa. Finally, the simulations finished when the plate velocity was 0 m/s. Figure 9 shows the
beginning of the compression stage of cylindrical proppants (α=2) in the rectangular-based box.
4. Simulation Results & Discussion
4.1 Results of the aspect ratio effect on the packing porosity
Packing without the closure pressure
Figure 10-Comparison of the results of the aspect ratio on the packing porosity
As shown in Figure 10, the results from this project calculated from all proppants in the container are different from results
done by (Low 2012) calculated from proppants which are 1-diameter distance away from container’s walls. Low’s results are
nearly the same as results from empirical methods of loose packing done by (Zou & You 1996). Results of this project
calculated from all proppants in the container are nearly the same as results from random packing of cylinders due to gravity in
a square box done by (Coelho et al. 1997). A comparison between results from this project and Low’s, which are calculated 1-
diamter distance from the container’s walls, shows that porosities are not much different for cylinders (α=1 and 2) but different
for the cylinder (α=3) and significantly different for the cylinder (α=4). This is because box sizes and starting positions of the
deposition array in this project and Low’s project are different; these factors lead to different packing characteristics in high
aspect-ratio cylinders (α=3 and 4). In addition, the deposition in this project and Low’s project are done by free falls due to the
gravity in a vertical direction without vibration functions in horizontal directions.
However, trends of each graph go in the same way. There is a dip of porosities from the cylinder (α=0.5) to the cylinder (α=1),
after that porosities rise when the aspect ratios increase; the minimum porosity of packing exists at the cylinder (α=1). This is
because cylinders with higher aspect ratios create the packing which has more void spaces among them as shown in Appendix
C. For the minimum porosity at the cylinder (α=1), because its dimensions are similar to a cube which has the same length in
each dimension: width, length and height; therefore, its packing orientations are like a packing of cubes which has low void
spaces (Low 2011). Another observation from these results is the wall effect. Friction on container’s walls significantly affects
the orientation of particles leading to different porosities between porosity results calculated from all proppants in the
container and porosity results calculated from proppants, which are 1-diameter distance away from container’s walls, as shown
in Figure 10. The porosity results in the next other sections are results calculated from all proppants in the container included
the wall effect because there is also the wall effect in the real fractures, thus the wall effect should not be neglected.
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Figure 11-Orientation of cylinders (α=4)
under no closure pressure.
Figure 12-Orientation of cylinders (α=4)
under 40-MPa closure pressure.
Packing under closure pressures
Effects of the closure pressures on packing porosities are shown in Figure 13, the
packing of spheres is also added as a reference because sphere is the shape which is
extensively used for proppants at present. It can be noticed that packing porosities
drop when the closure pressures are applied on the packing; the closure pressure
overcomes the friction forces between particle-particle and particle-container’s wall
leading to the denser reorientation of the packing as shown in Figure 11 and Figure
12. The higher the closure pressure is, the lower the packing porosities will be. The
highest drop of the packing porosity after applying 40 MPa compared with no
pressure applied is cylinders (α=4), 7.6 %, while the lowest drop is cylinders (α=1),
2.4%. This is like this because the packing of cylinders (α=4) have more void space
than the packing of cylinders (α=1) when there is no pressure applied as shown in
Appendix C and D. In addition, the packing of cylinders (α=1) is like the packing
of cubes as mentioned in the previous section; therefore, there is not much void
space left. However, trends of packing porosities still are in the same way; the
packing porosity rises when the aspect ratio increases.
At the no-pressure condition, packing porosities of cylinders (α=2, 3 and 4) are
higher than the packing porosity of spheres; but the packing porosity of cylinders
(α=2) is lower than the packing porosity of spheres at a 40-MPa condition.
Consequently, it cannot be concluded by using only the packing porosities at the
no-pressure condition to mention that which shapes of particles can create higher
packing porosities than other shapes. From the results as shown in Figure 13, only
the packing of cylinders (α=3 and 4) can create higher porosities than the packing
of spheres at the reservoir conditions: 15 MPa, 25 MPa and 40 MPa. The packing of cylinders (α= 4) has the highest porosity;
it is still higher than the packing of spheres 4.26 % under 40 MPa. However, it’s approximately 9.75 % if using the packing
porosity of spheres as a base case; according to Eq. 4, this improves the peameability approximately 55 % by using cylinders
(α= 4).
An interesting notice from Figure 13 is the packing porosity of spheres. The packing of spheres has higher porosity than the
packing of low aspect ratio cylinders; an important reason for this is the wall effect. Spheres do not have flat ends like
cylinders; spheres are rounded. Therefore, the porosity of spheres packing near the container walls is higher than cylinders
packing; supported packing information is shown in Appendix C and D.
Another vital issue is the disappearance of 3-point bending of packing because of the reorientation as shown in Figure 11 and
Figure 12. 3-point bending is a serious problems for the packing of cylinders (α>1) because it leads to the stress failure on
cylinders. Thus, these reorientation results show that the 3-point bending is rarely found from the packing of cylinders under
the closure pressures:
Figure 13-Results of different closure pressures on the packing porosity of spheres and cylinders (α=0.5, 1, 2, 3 and 4)
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Figure 15-Damaged elements due to high compressive
stress under the 25 MPa closure pressure
Figure 16- Damaged elements due to high tensile stress
under the 25 MPa closure pressure
Figure 17- Damaged elements due to high tensile stress
under the 40 MPa closure pressure
4.2 Results of the closure pressure on the proppant stress
After the very heavy plate used to simulate the closure pressure has stabilized to
stationary, i.e., the velocity is 0 m/s, stresses on each element in the packing of 6
proppants: cylinders (α=0.5, 1, 2, 3 and 4) and spheres, has been observed. The maximum
principal stress (σ1) and the minimum principal stress (σ3) are used to determine failures
of proppants; Figure 14 shows the Mohr’s circle concept. Note that the sign convention
system is as shown in the Figure 14; positive values represent tensile stresses and
negative values represent compressive stresses. There are 3 closure stresses acting normal
to the fracture walls: 15 MPa, 25 MPa and 40 MPa, Figure 18-Figure 23 show results of
σ1 and σ3 on cylinders (α=0.5, 1, 2, 3 and 4) and spheres.
Under 15 MPa closure stress, no element in cylindrical proppants (α=0.5, 1, 2 and 4) and
spherical proppants has the σ1 more than the compressive strength of bauxite, 2000 MPa
as shown in Table 2, and has the the σ3 more than the tensile strength of bauxite, 220
MPa as shown in Table 2. Except only in case of cylindrical proppants (α=3), less than
0.005% of elements have the σ1 more than the compressive strength of bauxite and less than 0.01% of elements have the σ3
more than the tensile strength of bauxite.
Under 25 MPa closure stress, no element in cylindrical proppants
(α=0.5, 1, 2 and 4) and spherical proppants has the σ1 more than the
compressive strength of bauxite, and has the the σ3 more than the
tensile strength of bauxite. Except only in case of cylindrical
proppants (α=3), less than 0.01% of elements have the σ1 more than
the compressive strength of bauxite and less than 0.03% of elements
have the σ3 more than the tensile strength of bauxite.
Under 40 MPa closure stress, no element in cylindrical proppants
(α=0.5, 1, 2 and 4) and spherical proppants has the σ1 more than the
compressive strength of bauxite, and no element in cylindrical
proppants (α=0.5, 1 and 2) has the the σ3 more than the tensile
strength of bauxite. In cases of cylindrical proppants (α=3 and 4),
less than 0.01% of all elements (α=3) have the σ1 more than the
compressive strength of bauxite, less than 0.03% of all elements
(α=3) and less than 0.02% of elements (α=4) have the σ3 more than
the tensile strength of bauxite.
It is observed that very small percentages (0.005-0.02%) of cylinder
elements (α=3) which have the σ1 more than the compressive
strength of bauxite and have the σ3 more than the tensile strength of
bauxite under all closure pressures: 15 MPa, 25 MPa and 40 MPa.
These percentages are only 2 elements and 6 elements which
exceed compressive strength and tensile strength respectively; all of
them are on the edge of the same particle as show in Figure 15 and
Figure 16.
And, less than 0.02% of cylinder elements (α=4) have the σ3 more
than the tensile strength of bauxite under the 40-MPa closure
pressure. Again, these percentages are only 4 elements which
exceed compressive strenght; all of them are at the middle of the
same particle as shown in Figure 17.
Therefore, it can be reasonably concluded that cylindrical proppants
(α=0.5, 1, 2 & 4) and spherical proppants made by bauxite can
stand under the closure pressures: 15 MPa, 25 MPa and 40 MPa.
However, results also shows that higher percentage of cylindrical
proppants (α=3 & 4) can be ruined if the closure pressure increases.
However, there is an observation from Figure 18 to Figure 23; σ1 and σ3 of cylindrical proppants (α=3) are higher than σ1 and
σ3 of cylindrical proppants (α=4) under 15 MPa and 25 MPa. This might be caused by the plate (case α=3) is not paralled with
the base of the container as shown in Appendix D. Then, some particles below the lower inclined part of the plate are in higher
compressive stress than usual. At 40 MPa closure pressure, the effect of increasing closure pressure is more than the effect
from inclined plate, then the σ1 and σ3 of cylindrical proppants (α=4) are higher than σ1 and σ3 of cylindrical proppants (α=3);
this can be observed from the trend of increasing values of σ1 and σ3 of cylindrical proppants (α=4) from 15 MPa to 40 MPa.
σ
x
τ
σ3 σ2 σ1
Figure 14-3D Mohr’s circle
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Figure 18-Results of the maximum principal stress (σ1) of spherical and different aspect-ratio cylindrical proppants under the 15-MPa pressure
Figure 19- Results of the minimum principal stress (σ3) of spherical and different aspect-ratio cylindrical proppants under the 15-MPa pressure
Figure 20- Results of the maximum principal stress (σ1) of spherical and different aspect-ratio cylindrical proppants under the 25-MPa pressure
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Figure 21- Results of the minimum principal stress (σ3) of spherical and different aspect-ratio cylindrical proppants under the 25-MPa pressure
Figure 22- Results of the maximum principal stress (σ1) of spherical and different aspect-ratio cylindrical proppants under the 40-MPa pressure
Figure 23- Results of the minimum principal stress (σ3) of spherical and different aspect-ratio cylindrical proppants under the 40-MPa pressure
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4.3 Improved productivity by the cylindrical proppant (α= 4)
According to the results of aspect ratios on porosities, the packing porosity of cylindrical proppants (α=4) is the highest and
also higher than the packing porosity of spherical proppants under closure pressures: 15 MPa, 25MPa and 40MPa; this means
that the fractured conductivity can be improved by using the cylindrical proppant (α=4). In addition, the cylindrical proppant
(α=4) can stand under the closure pressure condition; very small percentage (less than 0.02%) of cylindrical proppant element
(α=4) which has σ3 more than the tensile strength of bauxite; and these elements are on the same particle as shown in Figure
17. Further projects on the higher aspect ratios of cylindrical proppants are interesting to be continued.
5. Conclusions
A study on packing characteristics of cylindrical proppants in different aspect ratio: 0.5, 1, 2, 3 and 4, compared with spherical
proppants, has been done to investigate the packing porosities and stresses occurring in proppants under closure pressures: 15
MPa, 25 MPa and 40 MPa. Numerical methods called 3D FEMDEM codes have been used to simulate the packing behaviours
in this project. Several observations are shown as follows;
- Packing porosities calculated 1-diameter distance from container’s walls compared between this project and Low
(2011) show the different results on cylindrical proppants in high aspect ratios: 3 and 4. This is because of the
influence of box sizes and positions of deposition arrays on packing simulations of these proppants.
- The wall effect is an important factor resulting in the higher porosity near the walls compared with porosities of inner
volumes of packing, especially spheres, spheres are rounded and do not have the flat end like cylinders. Thus, wall
effect has strong influence on spheres packing.
- Closure pressure significantly affects the packing porosity of proppants; the higher the closure pressure is, the lower
the packing porosity will be. In addition, different proppant shapes have different impacts due to an increase of
closure pressure; the highest drop of the packing porosity after applying 40 MPa compared with no pressure applied
is cylinders (α=4), 7.6 %, while the lowest drop is cylinders (α=1), 2.4%. Packing porosities of cylindrical proppants
(α=2, 3 and 4) are higher than spherical proppants at a no closure pressure condition while only packing porosities of
cylindrical proppants (α=3 and 4) are still higher than spherical proppants at closure pressures: 15 MPa, 25MPa and
40 MPa. Consequently, it cannot be concluded by using only the packing porosities at the no-pressure condition to
mention that which shapes of proppants can create higher packing porosities than other shapes because proppants are
reorientated under closure pressure, especially non equilateral cylinders.
- 3-point bending, the serious problems of cylinders packing (α>1), is rarely found in the packing under closure
pressure conditions due to the reorientation of packing.
- All elements of cylindrical proppants (α=0.5, 1 and 2) and spherical proppants do not exceed failure stress limit under
closure pressures: 15 MPa, 25 MPa and 40 MPa. Only small percentages (0.005-0.03%) of cylindrical proppant
elements (α=3 and 4) exceed the failure value of compressive strength or tensile stength under the closure pressures;
and these failure elements are on the same particle. This means that cylindrical proppants (α=0.5, 1, 2, 3 and 4) and
spherical proppants are acceptable to be used under the closure pressures: 15 MPa, 25 MPa and 40 MPa. Therefore,
the cylindrical proppant (α=4) is the best choice because its packing porosity is the highest; this leads to the highest
conductivity of the proppant packing.
6. Recommendation of future work
6.1 Higher aspect ratios of cylinders (α>4)
Results from this project show that the packing porosity of cylindrical proppants rises when the aspect ratio increases; in this
project cylindrical proppant (α=4) has the highest packing porosity. Thus, further projects on the higher aspect ratios of
cylindrical proppants (α>4) are interesting to be continued. Fracture of cylindrical proppants due to 3-point bending is not a
serious problem anymore because results of this project show that it is hardly to be found because of the reorientation under
the closure pressure. However, the reorientation was based on the assumption that the static friction coefficient is 0.5 and the
sliding friction coefficient is 0.43. Further researches on higher friction coefficients; i.e., 0.8 and 1.0, are interesting to observe
the results of the reorientation.
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Fig. 24-An example of flow simulation by Fluidity (VGeST 2012)
6.2 Permeability simulation with FLUIDITY
The trend of permeability can be estimated by the Kozeny,
Carman and Darcy equations as shown in Eq. 2-4. However,
there are other factors affected the real permeability; for
example, the multiphase flow and the buoyancy effect. Thus,
flow simulation is a better method than using only porosity to
estimate the permeability. Fluidity, the generic multi-phase
code, is an option for this purpose. Fluidity is developed by
Imperial’s AMCG, Applied Modeling Computational Group, in
the Department of Earth and Science Engineering (AMCG and
VGeST 2012). Deposition models from this project can be
continued with Fluidity to generate the flow simulation through
the void space in deposition models. This will help us to have
better vision of the flow behaviour in fractures with proppants
(Low 2012). Fig. 24 shows an example of flow simulation by
Fluidity.
6.3 Simulation Time
A very important issue in the simulation is time; deposition process takes 3-4 days and the compression stage takes 25 – 40
days up to the simulation constraints in 100:1 scale. However, this estimated time is counted only the smooth simulation time
without any problems. But there are many unexpected problems which can occur; for example, wrong input parameters, a
power cut and high demand on the server. Thus, a planning and time management are vital concerns. In addition, the
simulation on 1:1 scale is much longer than this 100:1 scale (5-6 times).
7. Nomenclature
α Aspect Ratio, dimensionless
A Flow Area, m2
CFD Fracture Conductivity, dimensionless
Dp Diameter of Related Particle, m
E Young’s Modulus, Pa or N/m2
h Minimum Edge of Element, m.
k Formation Permeability, md
L Flow Distance, m
µ Viscosity of Fluid, Pa-s
mTVD Meter True Vertical Depth
ϕ Porosity, dimensionless
∆P Pressure Drop, Pa
Density, kg/m3
Q Flow Rate, m3/s∆ Time Step, s
V0 Superficial Velocity, m/s
wf Fracture Width, m
ψs Sphericity of Related Particle, dimensionless
Xf Fracture Half-Length, m
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